be revealed. Nevertheless, it is important to remember that calcium has a nonspecific inotropic action on the myocardium and blood vessels and is also an effective antagonist to cardiac depression from many causes. Hyperkalakmia is known to occur in stored blood. Potassium passes out of the cell, so that serum potassium values as high as 10-25 mEq/litre have been described. However, on warming blood much of the potassium returns to the interior of the red cell. pH and Pco2: Due to metabolism of the cells during storage and increased solubility of carbon dioxide during the cooling of blood, a pH as low as 6 3 to 6 5 is commonly recorded in fourteenday-old blood. One point of practical importance that appears to have been overlooked is that the Pco2 of stored blood is often well over 200 mmHg: if, therefore, a plastic bag containing blood is warmed to body temperature, less carbon dioxide remains in solution, so the plastic container now resembles a partial soda-siphon. As no air enters the bag great difficulty will be experienced when trying to give blood rapidly; the sudden escape of the carbon dioxide into the air of the dripchamber makes the maintenance of a fluid level almost impossible. Hypothermia is, without doubt, the most important problem of a massive blood transfusion. Even if the blood has been partially warmed, a transfusion in excess of 4-5 litres in an anwsthetized patient can reduce the body temperature to a dangerously low level. Ventricular fibrillation or asystole may arise at the time of infusion but, unlike the other complications of massive transfusion, the danger may persist long into the post-operative period. Thus, movement of the patient, alteration of posture, reduced ventilation or the administration of sedative drugs may trigger off a cardiac arrest long after the period of hemorrhage has ceased. For this reason it is now realized that meticulous attention to maintaining normal body temperature in this type of surgery is essential, yet the methods available to most anaesthetists for warming blood in the operating theatre have until recently been primitive in the extreme.
There are two basic methods of warming blood for transfusion: by warming the bottle or bag (source heating) or by passing the blood through a suitable heat exchanger en route to the patient (in-line heating). Source heating, if slow, has the disadvantage that it increases the fragility of the red cells, increases the risk of bacterial growth and stimulates the metabolism of the cells. These disadvantages are overcome by the use of a radiofrequency induction heater. By this method 0 5 litre of blood can be heated from 4°C to 34°C in four to five minutes. Studies using 5'Cr-tagged cells have shown that there is no increased fragility two days after transfusion of blood warmed by this technique (Besseling et al. 1965) . The disadvantages of this method are that it is expensive and can be dangerous if the cells are not evenly mixed with the plasma or if there is less than 450 ml of blood in the field. Also, different machines are required for bottles and for plastic bags. Despite these criticisms there is no doubt that a radio-frequency heater can be extremely useful and economical as a preliminary bloodwarmer in a large group of operating theatres. In-line heaters have the most promising future because the blood is warmed just before it is received by the patient. Basically, the principle is to include a length of coiled tubing in the transfusion line and then to place the coil in a water bath. As the water temperature must not exceed 40°C the efficiency of this method will depend on the heat-exchanging properties of the plastic used in the coil, the rate of flow of blood and the capacity of the coil. At the present time the most efficient coil commercially available is the Baxter, which is made of high-density polyethylene. This is claimed to be capable of warming blood from 4°C to 36 5°C when the flow rate is 150 ml per minute. As the need for really efficient heatexchange coils becomes more widely recognized it is to be hoped that an even better coil will become available. Massive blood loss reduces the circulating blood volume and can seriously impair tissue perfusion. The aim of transfusion is to maintain or restore cardiac output and transport of oxygen to the tissues.
Before major surgery is begun, especially if considerable bleeding is likely, one must ensure that it will be possible to transfuse warmed blood as rapidly as may be required. Immediately after the induction of antsthesia vessels are usually well dilated, so facilitating the insertion of largebore cannukv which will offer least resistance to blood flow. In appropriate cases this is also the best time to cannulate a peripheral artery and Section ofAneesthetics central vein for pressure monitoring. The importance of this is evident from the survey by Dinnick (1964) into mortality associated with anesthesia. He found that inadequate recognition and treatment of a low circulating blood volume could have been the major factor responsible for over half of the 400 deaths reviewed; in some cases, no transfusion had been set up before surgery, even when copious hcmorrhage should have been foreseen.
During rapid blood loss, we have found that the rate of replacement must be based upon observations of physiological responses to changes in the circulation, rather than upon attempts to measure the loss (Burton & Holderness 1964) . Although a variety of factors affect the central venous pressure, when this measurement is correlated with the arterial pressure they can give a very rapid indication of any significant change in the circulating blood volume or in myocardial efficiency. Thus a low venous pressure combined with a low arterial pressure usually indicates a low circulating blood volume relative to vascular tone. A raised venous pressure and a normal or raised arterial pressure indicates a high circulating blood volume relative to vascular capacity. A raised venous pressure together with a low arterial pressure indicates heart failure.
Measurementt ofArterial Pressure
Under normal conditions, the arterial pressure can be estimated accurately enough using a sphygmomanometer. However, if it is likely that there will be an undue degree of peripheral vasoconstriction or if sudden gross changes in pressure are to be expected, it may be advisable to insert a cannula into a peripheral artery and connect it to a manometer system. Mercury or aneroid manometers give accurate measurements of mean arterial pressure; they are stable and reliable, require no special skill for their use and have the added advantage of low cost.
Measurement of Venous Pressure
Although the central venous pressure can be estimated from the filling of large veins (e.g. jugular), this method is inconvenient during surgery. It is, therefore, more practicable to introduce a cannula into a central vein and connect this to a manometer. We have found a 24 in (61 cm) 8 FG, PVC cannula to be ideal for this purpose; it can easily be inserted via an arm vein, using the Seldinger technique (Seldinger 1953) and, being very flexible, it readily negotiates acute bends; even when passed up the cephalic vein, it will usually get to the superior vena cava without difficulty.
A simple saline manometer is very accurate; however, a few simple precautions must be taken in its use: (1) Because the pressure changes are small, wide-bore tubing should be used throughout.
(2) Because there may be a large volume displacement, particular care must be taken to avoid clotting, by keeping the system flushed. (3) Because there may be large negative intrathoracic pressures, and, therefore, negative venous pressures, a deep U-bend should be incorporated in the tubing leading to the manometer to avoid air embolism (in some ways the system resembles an under-water chest drain).
However, it cannot be stressed too strongly that, valuable though measurements of arterial and venous pressure are, they must never be viewed in isolation. The information gathered from a variety of sources must all be integrated in order to get an accurate and comprehensive clinical picture upon which to base one's treatment of the patient.
Acid-base Changes Associated with Transfusion
Each bottle of blood contains a mixture of 420 ml donor blood and 120 ml acid-citrate-dextrose preservative. As may be seen from Fig 1, when ACD solution is infused into a patient, it produces a metabolic acidosis. This is accompanied by a respiratory acidosis caused by the evolution of carbon dioxide from the bicarbonate in the recipient.
When tissue perfusion is good, the acid-citrate is rapidly metabolized, so releasing Na+ ions and producing a metabolic alkalosis. During transfusion, the degree of base deficit depends upon the rate of transfusion. If this is slow, it is usual to find only a gradual rise in base excess. Circulatory Effects ofAcid-citrate Solution Citrate prevents blood from clotting by complexing the Ca++ ions. In the body, a raised citrate level can cause a dangerous reduction in cardiac output and is associated with a marked reduction in the level of ionized calcium. Fig 2 shows a comparison of the effects upon arterial and venous pressures of separate infusions of similar volumes of saline and ACD solution. The temporary increase in circulating blood volume produced by the infusion of saline caused a moderate rise in venous pressure but had no significant effect upon the arterial pressure. However, a smaller quantity of ACD solution at a slightly slower rate produced a steeper rise in venous pressure and a fall in arterial pressure.
Two grams of 10% calcium gluconate (20 ml) reversed the fall in arterial pressure and the venous pressure fell to the level to which it had previously risen in response to the change in circulating blood volume produced by the saline infusion.
Changes in Blood Citrate Associated with Transfusion At normal body temperature, because citrate is rapidly metabolized, it is only during relatively rapid transfusion that one sees either a serious rise in blood citrate or a significant base deficit caused by the ACD preservative alone. Fig 3  shows changes which are typical of those we have found associated with massive transfusion at normal temperatures. The patient was given 2 gallons (8 litres) of warmed citrated blood during grafting of a ruptured thoracic aorta. There was no significant fall in body temperature. It may be seen that significant falls in base excess accompanied very rapid transfusion; otherwise there was a tendency towards a progressive metabolic alkalosis. The blood citrate levels showed sharp peaks, caused by very rapid transfusion but, in the warm, well-perfused patient, the level fell rapidly after the transfusion rate was slowed. A rise in lactate and pyruvate levels after a period of rapid transfusion is almost invariable in any massive transfusion and appears not to be related to anerobic metabolism caused by inadequate tissue perfusion. We have found a linear relationship between the rate of transfusion of citrate and the blood level. The calculated regression line indicating this relationship is shown as a continuous line in after periods of prolonged transfusion at a constant rate, when it was thought likely that a steady state had been reached (closed circles, Fig 4) . The open circles represent values found after shorter periods of more rapid transfusion. These points fall below the line because the citrate level had not had sufficient time to attain equilibrium. Our finding of a rise in blood citrate of 0 0738 mM/I for each pM/kg/min citrate transfused is statistically significant (P<0 001); it is practically the same as the figure of 0=074 found by Drucker et al. (1962) . Because the plasma citrate level is about 1-5 times greater than that found in blood, there is also very close agreement with the findings of Ludbrook & Wynn (1958) and Bunker et al. (1962) , who found a 0-125 and a 0-111 mM/I rise in plasma citrate for each pM/kg/min of citrate transfused. Ludbrook & Wynn (1958) showed that moderate hypothermia (c.30°C) reduces the rate of citrate metabolism by about 30-40%. During profound hypothermia (at c. 1 5°C) we have found that citrate metabolism appears to be almost completely suppressed. If blood is transfused whilst a patient is cold or if the patient is cooled immediately after a sudden load of blood, the citrate appears to be distributed fairly rapidly throughout the extracellular fluid and then the level remains raised until the patient has been re-warmed. There is a marked contrast between the sharp peaks in citrate level seen in patients receiving massive transfusions with little fall in body temperature and the sluggish changes found in patients who have been hypothermic. Furthermore, as may be seen from Fig 5, the longer the duration of hypothermia, the longer the time during which citrate metabolism stays low after return to normal body temperature. When blood citrate levels are related to the rate of transfusion 1-2 hours after rewarming (represented by the crosses in Fig 6) , it may be seen that in each case the points lie above the 95 % confidence limits, the degree of elevation giving some indication of the degree of suppression of citrate metabolism.
Effects ofHypothermia upon Citrate Metabolism

The Relative Importance ofAcid-base State and Blood Citrate Level
Citrated blood contains 20 mM/1 of acid-citrate; however, the base deficit is greater than this and we usually find it to be just below 30 mEq/l: therefore rapid transfusion should produce a rise in blood citrate and a fall in base excess in the ratio of 20: 30. We have found the ratio to be slightly greater than this, being on average 3:5.
The cardiac output is usually depressed at blood citrate levels of 2-3 mM/l, and at 4 mM/1 this may become critical. However, at this level of citrate, one would only expect to find a base deficit of 6-8 mEq/l. Assuming the Pco2 to be maintained in the region of 40 mmHg, the pH would only fall from, say, 7-4 to 7=3-7=25 units, a level at which there should be little effect upon cardiac output. In these circumstances, giving bicarbonate might even be harmful, because it would still further reduce the ionization of calcium. Citrate intoxication produces nonspecific signs of cardiac depression, i.e. a raised venous pressure and a low arterial pressure; when the expired gas is being monitored using an infra-red carbon dioxide analyser, the accompanying fall in cardiac output is shown by a fall in end-tidal Pco2, instead of the expected rise caused by the evolution of carbon dioxide (Burton 1966) . Although a very low level of ionized calcium produces the more specific ECG change of a prolongation of the Q-T interval, this must be corrected for heart rate (Barker et al. 1937 ); its value is therefore limited. Citrate intoxication normally responds to calcium. During rapid transfusion it is likely that a raised venous pressure, a low arterial pressure and a fall in cardiac output have been caused by excess citrate; they should, therefore, be treated by giving calcium. If this reverses the signs of heart Fig 3) ; note the sharp peaks in blood citrate. B, effects of a short period ofprofound hypothermia; there was a 24-minute period ofcirculatory arrest at 160C. Total duration ofhypothermia was less than one houir. 4. The crosses indicate values found during transfusion at a steady rate 1-2 hours after rewarming patients following profound hypothermia failure, presumably the failure had been caused by citrate. If more than 1 5-2 litres of blood is being transfused rapidly (at rates over 100 ml/min), calcium should be given prophylactically (e.g. at the rate of 10 ml of 10% calcium gluconate per litre of blood). Any evidence of cardiac depression should be treated by increasing the dosage of calcium, in order to maintain adequate tissue perfusion. An inadequate supply of oxygen to the tissues causes the liberation of acid metabolites and this will augment the base deficit produced by the acid-citrate. The resulting fall in pH may then require correction with bicarbonate. Prevention is better than cure; one should, therefore, try to minimize both the rise in citrate and the fall in pH. This may be done by:
(1) Promoting the rapid metabolism of citrate:
Cardiac output and tissue perfusion must be maintained as near normal as possible, so that added acid-citrate is transported to the sites where it can be rapidly metabolized. Any significant Personal Experience Eight of the deaths reported by Dinnick occurred during operations on the aorta and my own first experience of the dangers of massive transfusion occurred during an operation for an abdominal aneurysm. Heavy bleeding was encountered: the patient received 11 pints (5-2 litres) of blood in three hours without evidence of physiological upset, until the ECG trace changed abruptly, over a few beats, to ventricular fibrillation. This patient subsequently died. Attempts to warm the blood bottles in a sink of warm water were madean inefficient and potentially dangerous method. In retrospect, a number of factors associated with the transfusion seemed responsible for this patient's death but hypothermia of the heart played an important and avoidable role.
This case, together with the cases reported in the literature, led to the avoidance of further large transfusions of cold blood. Even so, there were dramatic falls in temperature, as measured in the cesophagus behind the heart which may be cooled selectively with the accompanying danger of ventricular fibrillation. Normally, during the course of routine major operations, patients often show a drop of 1-2°C, which does not increase even with long operations, although rapid transfusion may show a further temporary drop. However, in the presence of a low cardiac output, cold blood has a greater effect.
Case Report A patient aged 61 had an abdominoperineal resection of colon for carcinoma. She had chronic lymphatic leukemia and was mildly anemic (Hb 10 g/100 ml), but was otherwise quite fit. Heavy blood loss was corrected with cold blood at a stage when the blood pressure was already beginning to fall. Four pints (2 litres) were given -3 pints in 15 minutes. Fig I  shows how the blood pressure and the temperature measured behind the heart fell together, the latter to 32 6°C. This is a dramatic fall in view of the size of the transfusion. Had the transfusion continued at that rate the heart would soon have been at 30°C perhaps with as small a total as 6 pints. Two other patients have shown similar, though somewhat smaller, falls of temperature when a fall in blood pressure was accompanied by the rapid transfusion of cold blood.
Although the dangers of massive transfusion of cold blood are well reported, it would seem that patients with restricted cardiac output may be at special risk with smaller transfusions.
